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We study the B → φKS decay in a SUSY SO(10) GUT. We calculate the mass spectrum of
sparticles for a given set of parameters at the GUT scale. We complete the calculations of the
Wilson coefficients of operators including the new operators which are induced by NHB penguins at
LO using the MIA with double insertions. It is shown that the recent experimental results on the
time-dependent CP asymmetry SφK in B → φKS, which is negative and can not be explained in SM,
can be explained in the model where there are flavor non-diagonal right-handed down squark mass
matrix elements of 2nd and 3rd generations whose size satisfies all relevant constraints from known
experiments (τ → µγ, B → XSγ,Bs → µ
+µ−, B → Xsµ
+µ−, B → Xsg,∆Ms, etc.). At the same
time, the branching ratio for the decay can also be in agreement with experimental measurements.
I. INTRODUCTION
Great progresses have been made on the flavor physics in recent years. Among them the progress in neutrino
physics is particularly impressive. Atmospheric neutrino [1] and solar neutrino [2] experiments together with the
reactor neutrino [3, 4] experiments have established the oscillation solution to the solar and atmospheric neutrino
anomalies, which signals the existence of new physics beyond the SM. Experiment results indicate smallness of the
masses of neutrinos and the bilarge mixing pattern among the three generations of neutrinos. Because the small
quark mixing in the CKM matrix is related to the large quark mass hierarchy [5], understanding the bilarge mixing
pattern is somewhat of a challenge. However, if allowing asymmetric form for the mass matrix which for example may
well be generated by the elegant Froggatt-Nielsen (FN) mechanism [6], we can accommodate the large mass hierarchy
with large mixing [7]. Therefore, if one works with an effective theory, e.g., the minimal supersymmetric Standard
Model together with right-hand neutrinos (MSSM+N), at a low energy scale (say, the electro-weak scale), one can
content oneself by using the WWZF scenario to understand the smallness of quark mixing, and the see-saw and FN
mechanism to understand the smallness of the masses of neutrinos and the largeness of neutrino mixing. However, if
one works with a theory, e.g., a grand unification theory (GUT), in which quarks and leptons are in a GUT multiplet,
one has to answer: can we explain simultaneously the smallness of quark mixing and the largeness of neutrino mixing
in the theory? If we can, then what are the phenomenological consequences in the theory? There are several recent
works to tackle these problems in SU(5), flipped SU(5), or SO(10) GUTs [7, 8, 9, 11, 12, 13, 14, 15], which brings
the study of GUT to a more realistic level.
The smallest grand unification group that incorporates righthanded neutrinos required for the seesaw mechanism,
is SO(10). It has been shown that the observed bilarge mixing naturally leads to large flavor non-diagonal down-type
squark mass matrix elements of 2nd and 3rd generations in a SUSY SO(10) [11].
The measurements of the time dependent CP asymmetry SJ/ψK in B → J/ψKS have established the presentence
of CP violation in neutral B meson decays and the measured value[16]
SJ/ψK = sin(2β(J/ψKS))world−ave = 0.734± 0.054. (1)
is in agreement with the prediction in the standard model (SM). Recently, various measurements of CP violation in
B factory experiments have attracted much interest. Among them[17, 18],
SφKS = −0.39± 0.41, 2002 World− average
SφKS = −0.15± 0.33, 2003 World− average (2)
is especially interesting since it deviates greatly from the SM expectation
SφKS = sin(2β(φKS)) = sin(2β(J/ψKS))+O(λ
2) (3)
where λ ≃ 0.2 appears in Wolfenstein’s parameterization of the CKMmatrix. Though the impact of these experimental
results on the validity of CKM and SM is currently limited by experimental uncertainties, they have attracted much
interest in searching for new physics [19, 20, 21, 22, 24] and it has been shown that the deviation can be understood
without contradicting the smallness of the SUSY effect on B → J/ψKS in the minimal supersymmetric standard
model (MSSM) [22, 24]. Motivated by SUSY GUTs, the time dependent CP asymmetry in B → φKS has been
2studied in the SUSY models with a large mixing between the 2nd and 3rd generation in the down-type squark mass
matrix at the MSUSY ∼ TeV scale [25]. The asymmetry has also been examined in the SUSY SU(5) framework [26].
It is shown in ref. [26] that the possibility of large deviations from SM in SφK is excluded in the case of only having
the flavor non-diagonal down-type squark mass matrix element of 2nd and 3rd generations in the RR sector (i.e., δdRR23
non-zero with δdRR23 ≡ (M2d˜RR)23/m2q˜, where (M2d˜RR)ij is the flavor non-diagonal squared right-handed down squark
mass matrix element and mq˜ is the average right-handed down-type squark mass) due to the bound on δ
dRR
23 from
Br(τ → µγ). In this paper we investigate the decay B → φKS in the SUSY SO(10) framework. Our results show
that the time dependent CP asymmetry in B → φKS can sizably deviate from SM after imposing the constraint from
Br(τ → µγ), in contrast with the claim in the literature, because we have included the double insertion contributions
in penguin diagrams for the relevant Wilson coefficients. Furthermore, the contributions from neutral Higgs penguins,
which are not considered in ref. [26], have been included in this paper.
We need to have new CP violation sources in addition to that of CKM matrix in order to explain the deviations
of SφKS from SM. There are new sources of flavor and CP violation in SUSY SO(10) GUTs. In such kind of models
there is a complex flavor non-diagonal down-type squark mass matrix element of 2nd and 3rd generations of order
one at the GUT scale [11] which can induce large flavor off-diagonal couplings such as the coupling of gluino to the
quark and squark which belong to different generations. These couplings are in general complex and consequently can
induce CP violation in flavor changing neutral currents (FCNC). It is well-known that the effects of the counterparts
of usual chromo-magnetic and electro-magnetic dipole moment operators with opposite chirality are suppressed by
ms/mb and consequently negligible in SM. However, in SUSY SO(10) GUTs their effects can be significant, since
δdRR23 can be as large as 0.5 [11].
For the b → s transition, besides the SM contribution, there are mainly two new contributions arising from the
QCD and chromo-magnetic penguins and neutral Higgs boson (NHB) penguins with the sparticles propagating in the
loop in SUSY models. The contributions to the relevant Wilson coefficients at the mW scale from the diagram with
the gluino propagating in the loop have been calculated by using the mass insertion approximation (MIA) [30] with
double insertions in ref. [24]. We calculate the contributions from the diagram with the chargino propagating in the
loop using MIA with double insertions because chargino contributions can be significant when the left-right mixing
between squark masses is large.
As it is shown that both Br and CP asymmetries depend significantly on how to calculate hadronic matrix elements
of local operators[24]. Recently, two groups, Li et al. [32, 33] and BBNS [34, 35], have made significant progress
in calculating hadronic matrix elements of local operators relevant to charmless two-body nonleptonic decays of B
mesons in the PQCD framework. The key point to apply PQCD is to prove that the factorization, the separation
of the short-distance dynamics and long-distance dynamics, can be performed for those hadronic matrix elements.
It has been shown that in the heavy quark limit (i.e., mb → ∞) such a separation is indeed valid and hadronic
matrix elements can be expanded in αs such that the tree level (i.e., the α
0
s order) is the same as that in the naive
factorization and the αs corrections can be systematically calculated[34]. Comparing with the naive factorization,
to include the αs correction decreases significantly the hadronic uncertainties. In particular, the matrix elements of
the chromomagnetic-dipole operators Q
(′)
8g have large uncertainties in the naive factorization calculation which lead to
the significant uncertainty of the time dependent CP asymmetry in SUSY models[25]. The uncertainties are greatly
decreased in BBNS approach[35]. The hadronic matrix element of operators relevant to the decays B → φKS up to
the αs order have been calculated in BBNS approach in ref. [24].
Using the BBNS approach to calculate hadronic elements to the αs order and Wilson coefficients in MIA with
double insertions, we show in this paper that in the SUSY SO(10) framework in the reasonable region of parameters
where the constraints from τ → µγ, Bs − B¯s mixing , Γ(b → sγ), Γ(b → sg), Γ(b → sµ+µ−), and B → µ+µ− are
satisfied, the branching ratio of the decay for B → φKS can be smaller than 1.6×10−5, and the theoretical prediction
for SφK can be in agreement with the data in 1σ experimental bounds and even can be as low as −0.6.
The paper is organized as follows. In Section II we describe the SO(10) models we used in the paper briefly. In
section III we calculate sparticle spectrum using revised ISAJET. In section IV we give the effective Hamiltonian
responsible for B → φKS in the model. In particular, we give the Wilson coefficients of operators using MIA with
double insertions. The Section V is devoted to numerical results of the time dependent CP asymmetry and branching
ratio for the decay B → φKS . We draw conclusions and discussions in Section VI.
II. NEUTRINO BILARGE MIXING AND LARGE B-S TRANSITIONS IN SO(10)GUT
It is well-known for a long time that SO(10) GUTs can naturally incorporate the seesaw mechanism [38] which
is the simplest way to understand small neutrino masses. Recently a number of SUSY SO(10) models which can
explain neutrino data and quark mixing have been proposed [7, 11, 13] and some phenomenological consequences
of the models have been analyzed [7, 10, 11]. It was first pointed out in [11] that the induced large mixing in the
down-type squark mass matrix in SUSY SO(10) models have interesting consequences in low energy B physics. For
specific, we use the model in ref. [11] and review the main points of the model. The details of the model can be found
in Ref. [11].
3In order to accommodate both CKM mixing among quarks and MNS mixing among leptons, one needs to have an
asymmetric down-type Yukawa matrix Yd. So instead of the usual superpotential [37], one assumes
W =
1
2
(Yu)ij16i16j10u +
1
2
(Yd)ij16i16j
〈45〉
MPl
10d. (4)
Because of the combination of the Higgs multiplet 45, whose VEV 〈45〉 6= 0 breaks SO(10), and the Higgs in 10, the
effective Yukawa coupling being either in 10 (symmetric between two 16’s) or 120 (anti-symmetric between two 16’s)
representations, the matrix Yd can now have a mixed symmetry. Setting the breaking chain to be SO(10)→ SU(5)→
SM , we have the Yukawa couplings in the MSSM+N (the MSSM with right-handed neutrinos) as
W = (Y Du )iQiUiHu + (Y
D
u )iLiNiHu
+(V ∗Y Dd U)ijQiDjHd + (V
∗Y Dd U)ijEiLjHd +
1
2
MijNiNj, (5)
where Y Di (i=u, d) is the diagonal and we have absorbed the phase matrix ΘL intoQi and Ei, the phase matrix ΘR into
(UD) multiplet or (EV ∗) multiplet, and the phase matrix Θν into the Majorana mass matrixM , respectively. Here V
and U are the usual CKM mixing matrix and neutrino mixing matrix (MNS matrix) respectively. We have taken Yu
and M simultaneously diagonal . Such a situation could result from simple U(1) family symmetries and in a SO(10)
with hierarchical Y Du and right-handed neutrino masses, the choice of having such simultaneous diagonalization looks
rather plausible [39].
After integrating out the right-handed neutrinos in Eq. (5), the light neutrino masses are determined from the
superpotential
W =
1
2
(Y Du )i(M
−1)ij(Y Du )j(LiHu)(LjHu), (6)
which leads to the light Majorana neutrino mass matrix (mν)nm = (Y
D2
ui /2Mi)U
∗
nie
−iδiU∗mi, where e
iδi is the phase
of the diagonal element Mi of the diagonal matrix M. Therefore, the two mass splitting data and bilarge mixing of
neutrinos can be explained.
The Yukawa coupling of “third-generation” neutrino is unified with the large top Yukawa coupling due to the
SO(10) unification. Nevertheless, this “third-generation” neutrino is actually a near-maximal mixture of νµ and ντ ,
which comes from the large mixing angle in atmospheric neutrino oscillation. Because the “third-generation” charged
leptons, down-type quarks and neutrinos are in a SU(5) multiplet, the SU(5) multiplet with the large top Yukawa
coupling contains approximately
5∗3 = 5
∗
τ cos θ + 5
∗
µ sin θ, (7)
where θ ≃ 45◦ is the atmospheric neutrino mixing angle, and
5∗τ = (b
c, bc, bc, ντ , τ) (8)
5∗µ = (s
c, sc, sc, νµ, µ). (9)
The similar mixing exists in right-handed b and s quarks. However, we do not worry about its effects because there
is no charged-current weak interaction on right-handed quarks. Therefore the mixing among right-handed quarks
decouples from low-energy physics.
We now come to the main outcome in the framework which has phenomenological consequences in low-energy B
physics. Because one works in SUSY models there is the corresponding mixing among squarks which would yield
observable effects. The top Yukawa coupling generates an O(1) radiative correction to the mass of s˜ sin θ + b˜ cos θ,
which leads to a large mixing between s˜ and b˜ at low energies. This large mixing in turn generates interesting effects
in B-physics.
To be specific, assuming that at the scale M∗ which is above the GUT unification scale, say, near the Planck scale,
one has the universal soft terms: scalar mass m0, gaugino mass M1/2, trilinear and bilinear couplings A0 and B0,
then large neutrino Yukawa couplings involved in the neutrino Dirac masses can induce large off-diagonal mixing in
the right-handed down squark mass matrix through renormalization group evolution between M∗ and MGUT and the
induced mixings will generally be complex with new CP violating phases. The induced off-diagonal elements in the
mass matrix of the right-handed down squarks d˜R are given by (in the basis in which YD is diagonal)
[m2
d˜R
]nm ≃ − 1
8π2
[
Y u†Y u
]
nm
(3m20 + a
2
0)
(
5 log
M∗
M10
+ log
M10
M5
)
(10)
where M5 is the SU(5) breaking scale and[
Y u†Y u
]
nm
=
[
(ΘRUY
D2
u U
†Θ∗R
]
nm
= e−i(φ
(L)
m −φ(L)n )y2t [U ]
∗
m3 [U ]n3 , (11)
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FIG. 1: The mass spectrum versus m0 for fixed M1/2=200GeV, tan β=40, δ
d
23RR = (0.12 + 0.03i), and sign(µ)=+1 without
the constraints from the low energy experiments imposed. (a) is for A0 = 0. (b) is for A0=-1000GeV.
where eiφ
(L)
n is the phase from (ΘR)nn. Note that these phases are not relevant to any other low energy physics.
Substituting U23,33 ∼
√
2 into eq.(11), one obtains
[Y u†Y u]23 = 0.5e−i(φ
(L)
2 −φ(L)3 )(mt(MG)/178 GeV)2, (12)
where mt(MG) is the top quark mass at MG. From eqs. (10,12), the mass insertion parameter δ
dRR
23 can easily be of
order one.
III. MASS SPECTRA AND THE PERMITTED PARAMETER SPACE
To see the impact of the induced off-diagonal elements in the mass matrix of the right-handed down-type squarks on
B rare decays and simplify the analysis, we assume that at the GUT scale (MG) all sfermion mass matrices except the
right-handed down-type squark mass matrix are flavor diagonal and all diagonal elements are approximately universal
and equal to m20. The 2-3 matrix element of right-handed down-type squark mass matrix is parameterized by δ
dRR
23 ≡
(M2
d˜RR
)23/m
2
0 which can be treated as a free parameter of order one, as discussed in last section. Furthermore, we have
a universal gaugino massM1/2, a universal trilinear coupling A0 and a universal bilinear coupling B0 atMG. With the
requirement of radiative electro-weak (EW) symmetry breaking, we have five parameters (m0,M1/2, A0, δ
dRR
23 , tanβ)
plus the sign of µ as the initial conditions for solving the renormalization group equations (RGEs).
We require that the lightest neutralino be the lightest supersymmetric particle (LSP) and use several experimental
limits to constraint the parameter space, including 1)the width of the decay Z → χ01χ01 is less than 4.3 MeV, and
branching ratios of Z → χ01χ02 and Z → χ02χ02 are less than 1× 10−5, where χ01 is the lightest neutralino and χ02 is the
other neutralino, 2) the mass of light neutral even Higgs can not be lower than 111 GeV as the present experments
required, 3) the mass of lighter chargino must be larger than 94 GeV as given by the Particle Data Group [55], 4)
sneutrinos are larger than 94GeV, 5) seletrons are larger than 73GeV, 6) smuons larger than 94 GeV, 7) staus larger
than 81.9 GeV.
We use revised ISAJET to do numerical calculations. We find that the parameter (M2
d˜RR
)23 does not receive any
significant correction and the diagonal entries are significantly corrected, which is in agreement with the results in
ref. [26]. We scan m0, M1/2 in the range (100, 800) GeV for given values of A0, tanβ and sign(µ)=+1
∗ We impose
the constraints from the relevant low energy experiments such as B → Xsγ, etc. (for the detailed analysis of the
constraints, see section V).
As an illustration, the mass spectra without and with the constraints from the low energy experiments are given
in Fig. 1 and 2, respectively, where (a) and (b) are for A0 = 0,−1000GeV respectively. Fig. 1 is plotted for
M1/2 = 200GeV, tanβ = 40 and Fig. 2 for M1/2 = 500GeV, tanβ = 40. One can see from the Figs. 1, 2 that
the mass spectrum lifts when |A0| decreases. When the constraints from the low energy experiments are imposed,
some mass spectra are excluded and for the allowed spectra the masses of sparticles are similar to those without the
constraints.
∗ In the case of sign(µ)= -1, the constraint from B → Xsγ on the parameter space is too stringent, in particular, for large tan β [56, 57].
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FIG. 2: The mass spectrum versus m0 for fixed M1/2=500GeV, tan β=40, δ
d
23RR = (0.12 + 0.03i), and sign(µ)=+1 with the
constraints from the low energy experiments imposed. (a) is for A0 = 0. (b) is for A0=-1000GeV.
IV. EFFECTIVE HAMILTONIAN FOR b→ s TRANSITION
The effective Hamiltonian for b→ s transition can be expressed as[24, 40]
Heff = GF√
2
∑
p=u,c
VpbV
∗
ps
(
C1Q
p
1 + C2Q
p
2 +
∑
i=3,...,16
[CiQi + C
′
iQ
′
i]
+C7γ Q7γ + C8g Q8g + C
′
7γ Q
′
7γ + C
′
8g Q
′
8g
)
+ h.c. (13)
Here Qi are quark and gluon operators and are given by
†
Qp1 = (s¯αpβ)V−A(p¯βbα)V−A, Q
p
2 = (s¯αpα)V−A(p¯βbβ)V−A,
Q3(5) = (s¯αbα)V−A
∑
q
(q¯βqβ)V−(+)A, Q4(6) = (s¯αbβ)V−A
∑
q
(q¯βqα)V−(+)A,
Q7(9) =
3
2
(s¯αbα)V−A
∑
q
eq(q¯βqβ)V+(−)A, Q8(10) =
3
2
(s¯αbβ)V−A
∑
q
eq(q¯βqα)V+(−)A,
Q11(13) = (s¯ b)S+P
∑
q
mq
mb
(q¯ q)S−(+)P ,
Q12(14) = (s¯i bj)S+P
∑
q
mq
mb
(q¯j qi)S−(+)P ,
Q15 = s¯ σ
µν(1 + γ5) b
∑
q
mq
mb
q¯ σµν(1 + γ5) q ,
Q16 = s¯i σ
µν(1 + γ5) bj
∑
q
mq
mb
q¯j σµν(1 + γ5) qi ,
Q7γ =
e
8π2
mbs¯ασ
µνFµν(1 + γ5)bβ,
Q8g =
gs
8π2
mbs¯ασ
µνGaµν
λαβa
2
(1 + γ5)bβ , (14)
where (q¯1q2)V±A = q¯1γµ(1 ± γ5)q2, (q¯1q2)S±P = q¯1(1 ± γ5)q2 ‡, p = u, c, q = u, d, s, c, b, eq is the electric charge
number of q quark, λa is the color SU(3) Gell-Mann matrix, α and β are color indices, and Fµν (Gµν ) are the photon
† For the operators in SM we use the conventions in Ref.[35] where Q1 and Q2 are exchanged each other with respect to the convention
in most of papers.
‡ Strictly speaking, the sum over q in expressions of Qi (i=11,...,16) should be separated into two parts: one is for q=u, c, i.e., upper type
quarks, the other for q=d, s, b, i.e., down type quarks, because the couplings of upper type quarks to NHBs are different from those
of down type quarks. In the case of large tanβ the former is suppressed by tan−1 β with respect to the latter and consequently can be
neglected. Hereafter we use, e.g., Cc11 to denote the Wilson coefficient of the operator Q11 = (s¯ b)S+P
mc
mb
(c¯ c)S−P .
6(gluon) fields strength.
The primed operators, the counterpart of the unprimed operators, are obtained by replacing the chiralities in the
corresponding unprimed operators with opposite ones. The SUSY contributions to Wilson coefficients have been
calculated by using the vertex method in ref. [29]. The SUSY contributions due to gluino box and penguin diagrams
to the relevant Wilson coefficients at the mW scale in MIA with double insertions, as investigated in ref [41], which are
non-negligible if the mixing between left-handed and right-handed sbottoms is large have been given in refs.[29, 46].
We calculate the chargino contributions in MIA with double insertions and results are
C3 =
1
48
αs
4π
m2w
m2
χ˜±i
[
K∗22
K∗32
Vi1V
∗
i1(F6(x)δ
uLL
23 + F
′
6(x)δ
uLR
23 δ
uLR
33 )
−K
∗
22
K∗32
Vi1V
∗
i2ht(F6(x)δ
uLR
23 + F
′
6(x)δ
uLL
23 δ
uLR
33 )
−2Vi1V ∗i2htF6(x)δuLR33 ]
C4 = − 1
144
αs
4π
m2w
m2
χ˜±i
[
K∗22
K∗32
Vi1V
∗
i1(F6(x)δ
uLL
23 + F
′
6(x)δ
uLR
23 δ
uLR
33 )
−K
∗
22
K∗32
Vi1V
∗
i2ht(F6(x)δ
uLR
23 + F
′
6(x)δ
uLL
23 δ
uLR
33 )
−2Vi1V ∗i2htF6(x)δuLR33 ]
C5 = C3
C6 = C4
C7γ =
1
72
m2w
m2
χ˜±i
[
K∗22
K∗32
Vi1V
∗
i1(F12(x)δ
uLL
23 + F
′
12(x)δ
uLR
23 δ
uLR
33 )
−K
∗
22
K∗32
Vi1V
∗
i2ht(F12(x)δ
uLR
23 + F
′
12(x)δ
uLL
23 δ
uLR
33 )
−2Vi1V ∗i2htF12(x)δuLR33 ]
+
1
9
m2w
mbmχ˜±i
[−K
∗
22
K∗32
Vi1U
∗
i2hb(F34(x)δ
uLL
23 + F
′
34(x)δ
uLR
23 δ
uLR
33 )
+Vi2U
∗
i2hthbF34(x)δ
uLR
33 ]
C8g =
1
24
m2w
m2
χ˜±i
[
K∗22
K∗32
Vi1V
∗
i1(F2(x)δ
uLL
23 + F
′
2(x)δ
uLR
23 δ
uLR
33 )
−K
∗
22
K∗32
Vi1V
∗
i2ht(F2(x)δ
uLR
23 + F
′
2(x)δ
uLL
23 δ
uLR
33 )
−2Vi1V ∗i2htF2(x)δuLR33 ]
+
1
6
m2w
mbmχ˜±i
[−K
∗
22
K∗32
Vi1U
∗
i2hb(F4(x)δ
uLL
23 + F
′
4(x)δ
uLR
23 δ
uLR
33 )
+Vi2U
∗
i2hthbF4(x)δ
uLR
33 ]
C
(′)
11 =
e2
16π2
mb
ml
[C
(′)
Q1
∓ C(′)Q2 ]
C
(′)
13 =
e2
16π2
mb
ml
[C
(′)
Q1
± C(′)Q2 ],
C
(′)
i = 0, i = 12, 14, 15, 16 (15)
with C
(′)
Q1,2
§ as
CQ1 = −
1
2s2w
mlmχ˜±i
m2H0
c2α + rss
2
α
c2β
[−K
∗
22
K∗32
Vi1U
∗
i2hb(Fb0(x)δ
uLL
23 + F
′
b0(x)δ
uLR
23 δ
uLR
33 )
+Vi2U
∗
i2hthbFb0(x)δ
uLR
33 ]
§ The operator of Q
(′)
1,2 is defined as Q1 =
e2
8pi2
[s¯(1+γ5)b][l¯l], Q′1 =
e2
8pi2
[s¯(1−γ5)b][l¯l], Q2 =
e2
8pi2
[s¯(1+γ5)b][l¯γ5l], Q′2 =
e2
8pi2
[s¯(1−γ5)b][l¯γ5l]
7CQ2 =
1
2s2w
mlmχ˜±i
m2H0
(rp + tan
2 β)[−K
∗
22
K∗32
Vi1U
∗
i2hb(Fb0(x)δ
uLL
23 + F
′
b0(x)δ
uLR
23 δ
uLR
33 )
+Vi2U
∗
i2hthbFb0(x)δ
uLR
33 ] (16)
where ht =
mt√
2mwsβ
, hb =
mb√
2mwcβ
, rs =
m2
H0
m2
h0
, rp =
m2
A0
m2
Z0
, and x = m2q˜/m
2
χ˜±i
with mq˜ and mχ˜±i
being the common
squark mass and chargino masses respectively. The repeating indices i should sum over from 1 to 2. The one-loop
functions in Eq. (15) and (16) are given in Appendix A. We have checked that the Wilson coefficient C7γ with single
insertion is the same as that given in Ref.[42]. Differed from the single insertion results, the LR or RL insertion also
generates the QCD penguin operators when one includes the double insertions.
For the processes we are interested in this paper, the Wilson coefficients should run to the scale of O(mb). C1−C10
are expanded to O(αs) and NLO renormalization group equations (RGEs) should be used. However for the C8g and
C7γ , LO results should be sufficient. The details of the running of these Wilson coefficients can be found in Ref.
[40]. The one loop anomalous dimension matrices of the NHB induced operators can be divided into two distangled
groups [43]
γ(RL) =
Q11 Q12
Q11 −16 0
Q12 -6 2
(17)
and
γ(RR) =
Q13 Q14 Q15 Q16
Q13 −16 0 1/3 −1
Q14 −6 2 −1/2 −7/6
Q15 16 −48 16/3 0
Q16 −24 −56 6 −38/3
(18)
Here and hereafter the factor, αs4pi , is suppressed (i.e., the anomalous dimension matrix for Q11,12 is
αs
4pi γ
(RL), etc.).
For Q′i operators we have
γ(LR) = γ(RL) and γ(LL) = γ(RR) . (19)
Because at present no NLO Wilson coefficients C
(′)
i , i=11,...,16, are available we use the LO running of them in the
paper.
There is the mixing of the new operators induced by NHBs with the operators in SM. The leading order anomalous
dimensions have been given in Refs.[44, 45]. We list those relevant to our calculations in the following. Defining
Oi =
g2
16π2
Q12+i, i = 1, 2, 3, 4, (20)
one has
γ(RD) =
Q7γ Q8g
O1 −1/3 1
O2 −1 0
O3 28/3 −4
O4 20/3 −8
(21)
The mixing of Q11,12 onto the QCD penguin operators is
γ(MQ) =
Q3 Q4 Q5 Q6
O11 1/9 −1/3 1/9 −1/3
O12 0 0 0 0
(22)
For the mixing among the primmed operators, we have
γ(LD
′) = γ(RD) and γ(M
′Q′) = γ(MQ) . (23)
The mixing of the new operators induced by NHBs with the operators in SM has non-negligible effects on the Wilson
coefficients of the SM operators at the O(mb) scale. In particular, the Wilson coefficient of the chromo-magnetic
dipole operator C8g at the O(mb) scale, which has a large effect to SMK (M = φ, η
′), can significantly enhance due to
8the mixing. To see it explicitly we concentrate on the mixing of Oi (for its definition, see Eq.(20)) onto Q8g. Solving
RGEs, we have
C8g(µ) =
∑
c=1,...,4
A(µ0)(η(µ)
γcc/2β0 − η(µ)γ8g8g/2β0) + C8g(µ0)ηγ8g8g/2β0 , (24)
A(µ0) =
∑
a,b=1,...,4
γa1V
−1
ac VcbCb(µ0)/(γcc − γ8g8g) (25)
η = αs(µ0)/αs(µ), (26)
where V and γaa are given by
V (γ(RR) + 2β0 I)V
−1 = diag(γ11, γ22, γ33, γ44). (27)
with I being the 4× 4 unit matrix. Using
Ca(µ0) = C1(µ0)δa1 (28)
and Eq. (21), Eq. (24) reduces to
C8g(µ) = 0.68C8g(µ0)− 3.2C13(µ0), (29)
where C1(µ0) =
4pi
αs
C13(µ0) has been used.
In our numerical calculations we neglect the contributions of EW penguin operators Q7,...10 since they are small
compared with those of other operators.
The hadronic matrix elements of operators have been calculated in BBNS approach in refs.[24, 35, 46]. We use the
results in ref.[46]. The effective Hamiltonian (13) results the following decay amplitude for B0d → φKS .
A(B → φKS) = GF√
2
A,
A = Ao +Ao
′
+An, (30)
where we have divided the decay amplitude into three parts in order to see explicitly the effects of new operators in
the SUSY SO(10). One, A0, has the same form as that in SM, the second, Ao
′
is for primmed counterparts of the
SM operators, and the third, An, is new which comes from the contributions of Higgs penguin induced operators. In
eq.(30),
Ao = 〈φ|s¯γµs|0〉〈K|s¯γµb|B〉 ×
∑
p=u,c
VpbV
∗
ps
[
a3 + a
p
4 + a5 −
1
2
(a7 + a9 + a
p
10)
]
, (31)
Ao
′
= Ao(Ci → C′i), (32)
where ai’s have been given in Refs.[20, 47]. The hadronic matrix element of the vector current can be parameterized
as 〈K|s¯γµb|B〉 = FB→K1 (q2)(pµB + pµK) + (FB→K0 (q2)− FB→K1 (q2))(m2B −m2K)qµ/q2. For the matrix element of the
vector current between the vacuum and φ, we have 〈φ|s¯γµb|0〉 = mφfφǫφµ.
An in eq.(30), to the αs order, in the heavy quark limit is given as[24]
An = An(Ci) +A
n(Ci → C′i),
An(Ci) = 〈φ|s¯γµs|0〉〈K|s¯γµb|B〉 (−VtbV ∗ts)
[
aneu4 +
ms
mb
(
−1
2
a12 +
4ms
mb
a15
)]
. (33)
where ai’s have been given in Refs.[24, 46].
The time-dependent CP -asymmetry SφK is given by
SφK =
2 ImλφK
1 + |λφK |2 . (34)
Here λφK is defined as
λφk =
(
q
p
)
B
A(B → φKS)
A(B → φKS) . (35)
9V. NUMERICAL RESULTS
A. Parameters input
In our numerical calculations the following values are needed:
• Lifetime, mass and decay constants
τ(B0) = 1.56× 10−12s, MB = 5.28GeV, mb = 4.2GeV,
mc = 1.3GeV, ms = 100MeV, fφ = 0.237GeV,
(36)
• Wolfenstein parameters
We use the Wolfenstein parameters fitted by Ciuchini et al[52]:
A = 0.819± 0.040 λ = 0.2237± 0.0033,
ρ¯ = ρ(1− λ2/2) = 0.224± 0.038, ρ = 0.230± 0.039,
η¯ = η(1− λ2/2) = 0.317± 0.040, η = 0.325± 0.039,
γ = (54.8± 6.2)◦,
√
ρ2 + η2 = 0.398± 0.040 .
(37)
• Form factors
In the paper we need the form factors: FB→K(0) = 0.34.
B. Constraints from experiments
We impose two important constraints fromB → Xsγ and Bs → µ+µ−. Considering the theoretical uncertainties, we
take 2.0×10−4 < Br(B → Xsγ) < 4.5×10−4, as generally analyzed in literatures. Phenomenologically, Br(B → Xsγ)
directly constrains |C7γ(mb)|2 + |C′7γ(mb)|2 at the leading order. Due to the strong enhancement factor mg˜/mb
associated with single δ
dLR(RL)
23 insertion term in C
(′)
7γ (mb), δ
dLR(RL)
23 (∼ 10−2) are more severely constrained than
δ
dLL(RR)
23 . However, if the left-right mixing of scalar bottom quark δ
dLR(RL)
33 is large (∼ 0.5), δdLL(RR)23 is constrained
to be order of 10−2 since the double insertion term δdLL(RR)23 δ
dLR(LR∗)
33 is also enhanced by mg˜/mb. Nevertheless,
in the large tanβ case the chargino contribution can destructively interfere with the SM (plus the charged Higgs)
contribution so that the constraint can be easily satisfied. The branching ratio Bs → µ+µ− in SUSY models is given
as
Br(Bs → µ+µ−) = G
2
Fα
2
em
64π3
m3BsτBsf
2
Bs |λt|2
√
1− 4m̂2[(1− 4m̂2)|CQ1(mb)− C′Q1(mb)|2 +
|CQ2(mb)− C′Q2(mb) + 2m̂(C10(mb)− C′10(mb))|2] (38)
where m̂ = mµ/mBs . In the middle and large tanβ case the term proportional to (C10 − C′10) in Eq. (38) can be
neglected. The new CDF experimental upper bound of Br(Bs → µ+µ−) is 5.8 × 10−7 [54] at 90% confidence level.
To translate it into the constraint on C
(′)
Q11,13
, we have
√
|CQ11 (mW )− C′Q11 (mW )|2 + |CQ13 (mW )− C′Q13 (mW )|2 <∼ 0.047 (39)
Because the bound constrains |CQi − C′Qi | (i=1, 2), ¶ and there is a flavor non-diagonal element in the right-hand
down-type squark mass matrix at the high scale in the SUSY SO(10) model, we could have values of |CQi | and |C′Qi |
larger than those in constrained MSSM (CMSSM) with universal boundary conditions at the high scale and scenarios
of the extended minimal flavor violation in MSSM [22] in which |C′Qi | is much smaller than |CQi |. However, since the
flavor non-diagonal element in the right-hand down-type squark mass matrix at the high scale has almost no impact
on the decoupled limit of Higgs boson masses (i.e., mH0 ≃ mA0 ≃ mH± , sin(α− β) ≃ 1), the decoupled Higgs sector
in CMSSM remains in our model unless the non universal conditions at the high scale are assumed [58]. Therefore,
¶ C
(′)
Q1,2
are the Wilson coefficients of the operators Q
(′)
1,2 which are Higgs penguin induced in leptonic and semileptonic B decays and their
definition can be found in Ref. [57]. By substituting the quark-Higgs vertex for the lepton-Higgs vertex it is straightforward to obtain
Wilson coefficients relevant to hadronic B decays.
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(a) (b)
FIG. 3: The correlation between SφKS and Br(B → φKS) for A0 = 0. (a) is for the SUSY contributions with only gluino
propagated in the loop, (b) is for the all contributions included. Current 1σ bounds are shown by the dashed lines.
C
(′)
Q2
≈ ∓C(′)Q1 [29] in our model, which leads to C
(′)
Q13
being almost zero, and consequently eq. (39) give a stringent
constraint on C
(′)
Q11
. At the same time we require that predicted Br of B → Xsµ+µ− falls within 1 σ experimental
bounds.
We also impose the current experimental lower bound ∆Ms > 14.4ps
−1 [23] and experimental upper bound Br(B →
Xsg) < 9% [59]. Because δ
dLR(RL)
23 is constrained to be order of 10
−2 by Br(B → Xsγ), their contribution to ∆Ms
is small. The dominant contribution to ∆Ms comes from δ
dLL(RR)
23 insertion with both constructive and destructive
effects compared with the SM contribution, where the too large destructive effect is ruled out, because SM prediction
is only slightly above the present experiment lower bound.
As pointed out in section III, due to the gluino-sbottom loop diagram contribution and the mixing of NHB induced
operators onto the chromomagnetic dipole operator, the Wilson coefficients C
(′)
8g can be large, which might lead to a
too large Br of B → Xsg. So we need to impose the constraint from experimental upper bound Br(B → Xsg) < 9%.
A numerical analysis for C′8g=0 has been performed in Ref.[45]. We carry out a similar analysis by setting both C8g
and C′8g non-zero.
Furthermore, as analyzed in ref. [26], there is the correlation between flavor changing squark and slepton mass
insertions in SUSY GUTs. The correlation leads to a bound on δdRR23 from the rare decay τ → µγ. We update the
analyses with latest BELLE upper bound of Br(τ → µγ)< 3.1× 10−7 [27] at 90% confidence level.
C. Numerical results
In numerical analysis we fix tanβ = 40, sign(µ)=+1, and A0 = 0,−1000GeV. We scan m0,M1/2 in the range
from 100GeV to 800GeV by running ISAJET. Using the sparticle mass spectrum and mixings at the EW scale,
we calculate Wilson coefficients and consequently Br and the time dependent CP asymmetry in B → φKS under
additional constraints of δdRR23 from Br(τ → µγ), which phase varies from 0 to 2π.
Numerical results of the correlation between SφKS and Br(B → φKS) for A0 = 0, −1000GeV are shown in Figs. 3
and 4 respectively, where (a) is for the SUSY contributions with only gluino propagated in the loop, (b) is for the
all contributions (i.e., W±, H±, chargino, gluino, neutrilino propagated in the loop∗∗ ) included. Current 1σ bounds
are shown by the dashed lines. The case (a) describes the direct consequence of existing a δdRR23 . Before we discuss
the numerical results in detail, a remark is in place. It is shown that in MSSM NHB contributions can be significant
with all relevant experimental constraints imposed [24]. However, NHB contributions are limited to be very small in
our case. In case of only SM and NHB contributions included, both SφKS and Br(B → φKS) almost do not change,
compared with the SM, because the Higgs sector is nearly decoupled with mH0 ≃ mA0 ≃ mH± , sin(α − β) ≃ 1, as
pointed out above, in the regions of the parameter space which we take in the SO(10) model (or other constrained
MSSM), which leads to that C
(′)
13 are almost equal to 0 and consequently C
(′)
11 are very small due to the constraint
from Bs → µ+µ−.
∗∗ We neglect the neutrilino contributions in numerical calculations because they are small compared with other contributions.
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(a) (b)
FIG. 4: The correlation between SφKS and Br(B → φKS) for A0 = −1000GeV. The black (red) dots are allowed by all relevant
experimental bounds including (without including) Br(b→ sg). (a) is for the SUSY contributions with only gluino propagated
in the loop, (b) is for the all contributions included. Current 1σ bounds are shown by the dashed lines.
We find from Fig. 4 that in both the cases (a) and (b) there are regions of parameters where SφKS falls in 1σ
experimental bounds and Br is smaller than 1.6× 10−5. In the case of all contributions included the region is larger
than that in the case with the contributions from only gluino-squark in the loop included if the constraint from b→ sg
is not imposed. There exist two regions of the parameter space as given in Fig. 4 (b) for the all contributions. The
dense black region corresponds to the heavy SUSY spectrum region with m0,M1/2 as large as 600 ∼ 800GeV, while
the scattered belt region denotes M1/2 as small as 100 ∼ 200GeV and m0 in the region 500 ∼ 800GeV where sleptons
are as heavy as 500 ∼ 800GeV and Br(τ → µγ) constrains δdRR23 to be order of 0.1. That Br(b → sg) serves as a
strong constraint on the parameter space is shown in Fig. 4, in particular, the Fig. 4 (b) with all the contributions
included. In the scattered belt region of the Fig. 4 (b), with M1/2 as small as 100 ∼ 200GeV, the destructive
chargino contribution to C7γ drives C7γ smaller than C
SM
7γ , which calls for larger C
′
7γ of gluino contributions to
enhance Br(b → sγ) ∝ |C7γ |2 + |C′7γ |2 above the experimental lower bound. However large C′7γ results in large
C′8g, which raises Br(b → sg) beyond the experimental upper bound. Therefore, the most of the region without
the b → sg constraint is excluded when the b → sg constraint is imposed. In the case of A0 = 0, Fig. 3 (b)
corresponds to only the heavy SUSY spectrum region because the light mass spectrum region, which corresponds to
100GeV ≤ m0,M1/2 ≥ 400GeV roughly, is excluded by Br(B → Xsγ) and the experimental lower bound of mh0 and
has no results with SφKS near 0, while Fig. 3 (a), which corresponds to the region of the parameter space withM1/2 as
small as 100 ∼ 200GeV and m0 in the region 500 ∼ 800GeV, has some results with SφKS near 0, because Br(b→ sγ)
constraints can be satisfied easily in the latter case. Comparing Fig. 4 with Fig. 3, the conclusion is that the SUSY
effects on SφKS for a negative large A0 (say, |A0| >∼ m0,M1/2) are larger than those for A0 = 0. The reason is as
follows. One needs to have a large µ in order to have a large RL mixing between down squarks, i.e., a large δdRL33 , and
consequently a large induced δdRL23 . Due to the RGE running, a negative large A0 can drive µ at the low energy large,
whereas A0 = 0 or a small A0 fails. And at the same time, a large µ can make the chargino contributions significant,
which make the real part of C8g + C
′
8g smaller than that in the small A0 case
††.
We vary tanβ and find similar results for tanβ = 10, 30. The numerical results are obtained for 100GeV ≤
m0, M1/2 ≤ 800GeV . For fixed mg˜, the Wilson coefficient C(′)8g is not sensitive to the variation of the mass of squark
in the range about from 100GeV to 1500GeV. Therefore, the numerical results are not sensitive to m0 for fixed M1/2
and would have a sizable change when M1/2 decreases.
VI. CONCLUSIONS AND DISCUSSIONS
In summary we have calculated the mass spectrum and mixing of sparticles in the SUSY SO(10) GUT. We have
calculated the chargino contributions to Wilson coefficients at LO using the MIA with double insertions in SUSY
models. Using the Wilson coefficients and hadronic matrix elements previously obtained, we have calculated the
†† In the paper we do not consider the cancellation mechanism [63] in the analysis of electric dipole moments (EDMs) of electron and
neutron in SUSY models and assume µ, A0 are real.
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time-dependent CP asymmetries Sφk and branching ratios for the decay B → φKS . It is shown that in the reasonable
region of parameters where the constraints from τ → µγ, Bs − B¯s mixing , Γ(b → sγ), Γ(b → sg), Γ(b → sµ+µ−),
and B → µ+µ− are satisfied, the branching ratio of the decay for B → φKS can be smaller than 1.6 × 10−5, and
SφKS can be negative. In some regions of parameters SφKS can be as low as −0.6.
It is necessary to make a theoretical prediction in SM as precision as we can in order to give a firm ground for
finding new physics. For the purpose, we calculate the twist-3 and weak annihilation contributions in SM using the
method in Ref. [61] by which there is no any phenomenological parameter introduced. The numerical results show
that the annihilation contributions to Br are negligible, the twist-3 contributions to Br are also very small, smaller
than one percent, and both the annihilation and twist-3 contributions to the time-dependent CP asymmetry are
negligible. The conclusion remains in SUSY models and consequently we neglect the annihilation contributions in
numerical calculations.
In conclusion, we have shown that the recent experimental measurements on the time-dependent CP asymmetry in
B → φKS , which can not be explained in SM, can be explained in the SUSY SO(10) grand unification theories where
there are flavor non-diagonal right-handed down squark mass matrix elements of second and third generations whose
size satisfies all relevant constraints from known experiments (τ → µγ, B → XSγ,Bs → µ+µ−, B → Xsµ+µ−, B →
Xsg,∆Ms, etc.). Therefore, if the present experimental results remain in the future, it will signal the significant
breakdown of the standard model and that the SUSY SO(10) GUT is a possible candidate of new physics.
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Appendix A Loop functions
In this Appendix, we present the one-loop function of Wilson coefficients in this work.
F2,12,4,34,6,b0(x) = x
∂f2,12,4,34,6,b0(x)
∂x
F ′2,12,4,34,6,b0(x) =
x2
2
∂2f2,12,4,34,6,b0(x)
∂x2
(40)
with
f12(x) = 9f1(x) + f2(x), f34(x) = 9f3(x) + f4(x)/2
where f1,2,3,4,6,b0 are given in Ref. [29].
